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The ERTS Data Collection System makes i t  f e a s i b l e  f o r  t h e  f i r s t  t i m e  t o  
monitor t h e  level of a c t i v i t y  a t  widely separated volcanoes and t o  re lay 
these da ta  rapidly t o  one cent ra l  o f f i c e  f o r  analysis.  This capabi l i ty  
opens a new era i n  volcanology i n  which the  hundreds of normally quiescent 
but  po ten t ia l ly  dangerous volcanoes near populated regions around t h e  
world can be economically and r e l i a b l y  monitored da i ly  t o  warn when any 
one volcano is becoming active again. Before ERTS was launched, only a 
few volcanoes i n  t h e  world were monitored continuously because of the  
high cost  of building and s t a f f i n g  volcano observatories.  
known from data  col lected i n  t h i s  century tha t  while v i s i b l e  s igns  of 
pending eruptions may only occur minutes t o  days i n  advance, i n v i s i b l e  
but measureable s igns may be detected days, w e e k s ,  months, and even years 
before a major eruption. While predict ion of s p e c i f i c  eruptions is s t i l l  
an evasive goal, ear ly  warning of a reawakening of quiescent volcanoes 
is now a d i s t i n c t  poss ib i l i ty .  
Y e t  i t  i s  
A prototypical  global volcano survei l lance system was establ ished under 
t h e  ERTS program during t h e  past year. 
cooperation with l o c a l  s c i e n t i s t s  on 15 volcanoes i n  Alaska, Hawaii, Wash- 
ington, Cal i fornia ,  Iceland, Guatemala, E l  Salvador and Nicaragua a t  the  
sites shown i n  Figure 1. 
these many remote locat ions a r e  being relayed s ix  t o  ten  t i m e s  da i ly  
through the  s a t e l l i t e  t o  the  ground tracking s t a t i o n s  at  Goldstone, Califor- 
n ia ,  and Goddard Spaceflight Center i n  Maryland. The data  are processed a t  
Goddard and then relayed within 90 minutes by te le type  t o  t h e  National Cen- 
ter f o r  Earthquake Research i n  Menlo Park, California.  
Instruments w e r e  i n s t a l l e d  i n  
Data from low-powered instruments i n  each of 
The sensors include 19 seismic event counters t h a t  count four d i f f e r e n t  
s i z e s  of earthquakes and s i x  b i a x i a l  borehole tiltmeters t h a t  measure 
ground tilt with a resolut ion of 1 microradian. 
data  are col lected because these have been shown i n  t h e  past  t o  ind ica te  
most re l iab ly  the level of volcano a c t i v i t y  a t  many d i f f e r e n t  volcanoes. 
Furthermore, these parameters can be measured r e l a t i v e l y  eas i ly  with new 
instrumentation. 
f o r  t h i s  project  is  s h a m  i n  Figure 2. 
seismic da ta  gathered a t  the  rate of about 2 mil l ion d i g i t a l  b i t s  per  
12 hours t o  a small number of b i t s  such as 64 t h a t  can be economically 
relayed through a satellite. 
da ta  are l o s t .  For the  purposes of t h i s  project ,  however, t h e  main da ta  
desired a r e  simply the number of events of d i f f e r e n t  sizes.  
typ ica l ly  change by orders of magnitude before eruptions. The criteria 
adopted f o r  detect ing events are t h a t  10 peaks of t h e  full-wave r e c t i f i e d  
seismic s i g n a l  m u s t  be  above a given threshhold i n  1.2 seconds and t h a t  
Only seismic and tilt 
The fourth-generation seismic event counter developed 
This instrument compresses 
This compression is not easy, and some 
These numbers 
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there must have been no peak above this  threshhold i n  the previous 
15 seconds. The second c r i t e r i o n  e f f e c t l v e l y  i n h i b i t s  the counter 
during periods of high ground no i se  caused by wlnd, harmonic tremor, 
people, and s o  on. The t i m e  that a channel is inh ib l t ed  is counted 
separately and ind ica t e s  t h e  relative l e v e l  of ground noise.  
number of earthquakes g rea t e r  than four  d i f f e ren t  amplitudes and the 
noise  counts f o r  each channel are relayed through the satellite. 
Each counter contains 120 COSMOS integrated c i r c u i t s  and has provea 
q u i t e  r e l i a b l e .  In  f a c t  t he  counters are s i g n i f i c a n t l y  more r e l i a b l e  
than t h e  t r ansmi t t e r s  furnished by NASA, Which use one-third as many 
integrated c i r c u i t s  but f a i l  q u i t e  often.  
The 
The t r ansmi t t e r ,  event counter, seismic sensor,  and b a t t e r i e s  used 
f o r  one year 's  operation are shown i n  Figure 3. 
low power consumption of these instruments makes them p r a c t i c a l  f o r  
operation i n  remote locat ions i n  a l l  types of environments. 
The p o r t a b i l i t y  and 
A typ ica l  i n s t a l l a t i o n  on the  Volcan San Cris tobal  i n  Nicaragua is shown 
i n  Figure 4 .  The equipment is locked i n  steel boxes cemented i n  place. 
The antenna is mounted about 1 2  f e e t  off t h e  ground with a plexiglass  
dome protect ing t h e  elements. 
telemetry t o  some nearby recording s i t e  i s  a l s o  i n s t a l l e d  next t o  most 
event counters i n  t h i s  i n i t i a l  program t o  show whether the event count- 
ers are compressing t h e  seismic da t a  r e l i ab ly .  There has only been one 
minor case of vandalism s o  f a r .  
l ightning.  
A standard seismometer with VHF radio 
A few s t a t i o n s  have been damaged by 
The tiltmeter used i n  this p ro jec t  i s  shown i n  Figure 5. 
t h e  pipe,  which is about 5 cm (2 i n )  I n  diameter, contains a p rec i se  
e l e c t r i c a l l y  monitored l e v e l  bubble t h a t  has  been adapted f o r  t h i s  use 
from a defense appl icat ion.  The p ipe  is placed i n  a 4-to-10-foot ho le  
i n  rock o r  more typ ica l ly  sandy s o i l  o r  ash. The output of t he  elec- 
t r o n i c  equipment shown connects d i r e c t l y  t o  t h e  satel l i te  t ransmit ter .  
These instruments have worked very r e l i a b l y  except f o r  some l igh tn ing  
damage tha t  should be  avoided i n  the  fu tu re  with some new design changes. 
The bottom of 
st 
A sample of t h e  t i l t m e t e r  da t a  from H a w a i i  where three meters are set  up 
seve ra l  kilometers apart: around t h e  c e n t r a l  caldera  of Kilauea volcano 
is given i n  Figure 6. The graph i n  t h e  upper left  shows a comparison 
over s eve ra l  months of t he  output of one of these meters compared with 
t h e  outputs of a mercury tube and a w a t e r  tube tiltmeter t h a t  have oper- 
a ted i n  the same loca t ion  f o r  many years. This comparison is exception- 
a l l y  good f o r  tilt data .  
t h a t  represents  the l i m i t  of resolut ion f o r  t h e  instrument. 
The upper right-hand p l o t  shows t h e  tilt at one of these instruments f o r  
5 months i n  e a r l y  1973 with a tilt event on May 5th. 
show t h e  same tilt event i n  d e t a i l  as recorded by the th ree  meters. The 
th ree  tilt vectors show t h a t  the summit of t h e  volcano subsided causing 
tilts on the  order of 10 t o  30 microradians o r  10 t o  30 mm of subsidence 
i n  1 km. An eruption of l a v a  from t h e  f lank of Kilauea closely followed 
t h i s  def la t ion.  
The scatter f o r  the w a t e r  tube meter is no i se  
The lower p l o t s  
A t  present Pacaya volcano i n  Guatemala is i n f l a t i n g  a t  
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about 150 microradians per month, and a second tiltmeter w a s  j u s t  in- 
s t a l l e d  t o  monitor this event more closely.  
eruptions continuously f o r  severa l  years. 
The number of earthquakes counted by an event counter on at. S t .  Helens 
i n  Washington is compared with those counted by a seismolbgist an 
standard instruments located next t o  the  counter i n  Figure 7.q Gen- 
e r a l l y ,  w e  f ind t h a t  the  counters accurately show the level of seismic 
ac t iv i ty .  There i s  not  a one t o  one correspondence between counts 
and earthquakes and t h i s  is not  surpr i s ing  s ince  two seismologists 
might not agree on the  exact number of earthquakes. 
ever,  do approximate the number of earthquakes except during periods 
of high noise tha t  can be i d e n t i f i e d  by t h e  separate  inhibit-t ime o r  
noise  counters. 
Pacaya has had ddnor 
The counts, how- 
The events of two d i f f e r e n t  s i z e s  counted on the  volcano Fuego i n  
Guatemala t h a t  erupted beginning on February 22, 1973 show ah increase 
i n  a c t i v i t y  during an eruption (Figure 8). 
i n  February. 
before t h i s  small  eruption began. 
ing the  eruption and returned t o  a l o w  level a f t e r  t h e  eruption was  
over. 
a c t i v i t y  during the  whole period. This implies the  sefsmic a c t i v i t y  
w a s  indeed a t  Fuego. 
high harmonic ground tremor probably associated with t h e  movement of 
lava underground. 
Spurious event counts are usually flagged by t h e  presence of s i g n i f i -  
cant noise counts. 
here. The peak of events on March 18 on the high-gain channel is not  
observed on the  low-gain channel. 
quakes w i l l  always be accompanied by a few la rger  earthquakes, accord- 
ing  t o  a well-established logarithmic relat ionship,  we can i n f e r  tha t  
t h i s  peak is caused by spurious noise.  I n  this case the spurious 
counts a re  caused by moderate harmonic tremor. 
The counter wag i n s t a l l e d  
The seismic a c t i v i t y  was high dur- 
Note the  s i g n i f i c a n t  increase i n  a c t i v i t y  about 5 days 
A d i f fe ren t  counter 30 km from Fuego showed no change i n  seismic 
The noise counts were high during periods of 
A second necessary c r i t e r i o n  is a l s o  c lear ly  shown 
Since a la rge  number of small earth- 
These event count da ta  show the  types of changes ant ic ipated before 
destruct ive eruptions.  
the period of recording increases.  
More gradual changes should a l s o  be noted as 
In conclusion a prototype global volcano survei l lance system has been 
developed under the  ERTS program with instruments on 15 volcanoes, i n  
f i v e  countries. The instruments are working r e l i a b l y  and some da ta  of 
the  type ant ic ipated have been collected.  
strates the technological f e a s i b i l i t y  of a global survei l lance system 
although many d e t a i l s  i n  the design of highly r e l i a b l e  instruments 
s t i l l  need t o  be worked out. 
needs t o  be the col lect ion and analysis  of da ta  from these d i f f e r e n t  
volcanoes t o  e s t a b l i s h  c lear ly  the  s c i e n t i f i c  f e a s i b i l i t y  of t h i s  novel 
and poten t ia l ly  revolutionary approach t o  survei l lance of hazardous 
volcanoes. 
This work c lear ly  demon- 
The primary e f f o r t  i n  the  future ,  however, 
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Bigure 1: Map of volcanoes monitored in this study. Event counters 
are placed at all sites. 
Kilauea, Fuego, and Pacaya. 
Tiltmeters are placed on Mt. Lassen, 
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Figure 2: View of the inside of the seismic event counter showing 
some of the 8 circuit cards. 
Figure 3: Satellite transmitter (left), seismic sensor (left foreground), 
seismic event counter (center), and batteries (right) used to monitor 
seismic activity and send the data to the satellite. 
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Figure 4 :  Installation of the standard seismometer (foreground) and 
seismic event counter system (background) on Volcan San Cristobal 
in Nicaragua. 
Figure 5: Biaxial tiltmeter and electronics used in this study. The 
tube is about 5 cm (2 in) in diameter and about 1.3 m (48 in) long. 
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Figure 6: Typical data from three tiltmeters located around the central 
caldera of Kilauea Volcano during a collapse of the caldera area. 
The data in the upper left shows a comparison of the new level 
bubble tiltmeter with two other types of tiltmeters operated in 
Hawaii €or several years. 
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Figure 7: Seismic events counted by the event counter on Mt. St. Helens 
in Washington compared to earthquakes detected by a seismologist 
from a seismograph operated nearby. 
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Figure 8: Seismic events and noise counted near Volean Fuego i n  Guate- 
mala in  early 1973. 
during the eruption in  February. 
Note the increase i n  seismic act ivity during 
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